Placing graphene on SnS 2 results in significant charge transfer, on the order of 10 13 /cm 2 , from the graphene to the SnS 2 , and the charge transfer results in a negative Schottky barrier contact for electron injection from the graphene into the SnS 2 conduction band. However, due to the s − p x,y composition of the SnS 2 conduction band, the coupling between the SnS 2 and the graphene is relatively weak. A third layer, HfSe 2 , placed between the SnS 2 and the graphene, serves as a matrix element matching layer, since it has strong coupling to both the graphene and the SnS 2 .
I. INTRODUCTION
Heterostructures of two-dimensional (2D) van der Waals (vdW) materials are being extensively investigated [1] [2] [3] [4] [5] [6] [7] . Recent studies of vdW heterostructures have shown that it is possible to build type II heterojunctions and nearly broken gap heterojunctions [8] [9] [10] [11] [12] [13] . In type II heterojunctions, the electron-hole pair is separated both spatially and energetically enabling efficient photovoltaics and photodetection 10, 11 . A few heterostructures composed of 2H transition metal dichalcogenides, such as WSe 2 /MoSe 2 , remain direct gap with the conduction and valence bands at K. The majority of heterostructures, such as, for example, black phosphorus/MoS 2 8,9 are indirect gap, with, in this particular case, the valence band at Γ and the conduction band at K. For electronic applications, multi-layer stacks of 2D materials such as black phosphorus/SnSe 2 14 , WSe 2 /SnSe 2 12,13 , graphene/BN/graphene 15 and graphene/WS 2 16 are being exploited for tunnel devices and tunneling field-effect transistors (TFETs). There is also interest in using graphene to create direct bandgaps in multilayer heterostructures [17] [18] [19] , using graphene to make contact or tune other 2D materials [20] [21] [22] [23] [24] [25] [26] [27] [28] , and to tune the workfunction to enhance cold cathode emission 29 .
In the last application 29 , placing graphene on SnS 2 significantly reduced the workfunction from that of SnS 2 alone, and the charge transfer between the two materials resulted in p-type graphene and n-type SnS 2 . The Fermi level of the composite aligned above the conduction band minimum of the SnS 2 . From an electrical contact point of view, such an energetic alignment is a negative Schottky barrier contact, and it is highly desirable, since it gives a low contact resistance. But there are two barriers to inter-layer current flow. One barrier is the energetic barrier represented by the Schottky barrier height. In the graphene / SnS 2 system, this barrier is negative, so it is very favorable. The other barrier is the inter-layer coupling between the two layers. This coupling depends on the matrix element between the Bloch functions of the bands in each layer that are being coupled. This matrix element will depend on the orbital composition of the bands and their positions in k-space 30 . We find that this coupling is weak between graphene and SnS 2 near the Fermi level. To improve this coupling while maintaining a negative Schottky barrier, we investigate the use of a third material, HfSe 2 , that serves as a 'matrix element matching' layer between the SnS 2 and the graphene, since it has good coupling to both the SnS 2 and the graphene.
In this paper, we analyze a multi-layer structure composed of monolayer 
III. RESULTS AND DISCUSSION
As shown in Fig. 1 A more quantitative determination of the energy spacings is made by calculating the electronic structure using the HSE hybrid functional. Qualitatively, the orbital composition and the order of the bands remain the same and the primary difference is that the conduction- When the two monolayers are brought together, the orbitals of the CBM in each layer will couple and push apart in energy. To understand the evolution of the bands as the two materials are brought together, we perform a DFT calculation of the AA structure with the two layers separated by 2 nm. This is sufficiently far apart that the bands do not interact, but a common Fermi level is enforced giving the band lineup of the wellseparated, equilibrated, but non-interacting layers. The conduction band alignment of the separated system is shown in Fig. 2 . When the layers are well-separated spatially, the energy separation of the two conduction bands is 0.25 eV. When the two layers are brought together to form the heterostructure, the two conduction bands push further apart by 40 meV for AB stacking and 70 meV for AA stacking. This increase in energy separation is related to the coupling between the two bands, and the larger splitting in the AA structure indicates stronger coupling between the two conduction bands in that stacking arrangement.
For the spatially separated structure, the two conduction bands are 100% localized on the individual layers. The lower conduction band is localized on the SnS 2 , and the upper conduction band is localized on the HfSe 2 . In the SnS 2 , the conduction band wavefunction is weighted 54% on the Sn, with 89% of that contribution from the s orbital, and 45% on the S, with 83% of that contribution from the p x and p y orbitals. In HfSe 2 , the conduction band wavefunction is weighted 79% on the Hf. 96% of that comes from the d orbitals with the heaviest weight of 35% coming from d z 2 . The 21% contribution from Se is 61% from the p z orbital, 22% from the d orbitals, and 9% from the s orbital.
When the two layers are brought together to form the AA heterostructure, the magnitude squared of the CBM wavefunction no longer remains localized on the SnS 2 , but becomes for an electron to move between the two layers, since the CBM wavefunction is a coherent superposition of the orbitals on both layers, and the probability of finding an electron on the SnS 2 layer is at most a factor of 2 larger than on the HfSe 2 layer.
By applying an electric field, the relative weights on each layer of the first conduction band can be altered and even reversed. As illustrated in Fig. 3(a) As the electric field is ramped from negative to positive, the spectral weight gradually shifts from the SnS 2 to the HfSe 2 . This shift of the wavefunction is illustrated in Fig. 5 for the AA and AB heterostructures. 
With graphene on HfSe 2 , E D − E F = 0.335 eV, and n s = 1. The electron transfer from the graphene to the HfSe 2 /SnS 2 is accompanied by a lowering of the potential of the layer in contact with the graphene. The region of the electronic bands The interaction of graphene with HfSe 2 is larger than with SnS 2 , and this is consistent with the orbital composition of the conduction bands of HfSe 2 and SnS 2 . The conduction band of HfSe 2 has large Hf d z 2 and Se p z components that would be expected to couple well to the C p z orbitals of the graphene. The conduction band of SnS 2 has large Sn s and S p x , p y components. The in-plane S p x , p y orbitals would be expected to couple poorly to the C p z orbitals of the graphene. When the graphene is placed on the SnS 2 layer, the bands near the Fermi level shown in Fig. 7(f) look qualitatively different compared to the bands with graphene on the HfSe 2 layer. At Γ, the 3 conduction bands of the HfSe 2 /SnS 2 remain degenerate. All 3 of the conduction bands now lie 0.03 eV below the Fermi level, so that the Schottky barrier becomes more negative. This is consistent with the fact that, as shown in Fig. 2 , the conduction band of the SnS 2 is energetically lower than that of HfSe 2 , and the conduction band wavefunction of the isolated HfSe 2 /SnS 2 heterostructure is more heavily weighted towards the SnS 2 layer as shown in Fig. 1 . The energy alignment is more favorable for electrical contact, however the coupling between the graphene and the SnS 2 is considerably weaker. Now, the maximum energy splitting is ≈ 10 meV giving an estimate for the coupling of t ≈ 5 meV.
The difference in coupling can also be seen in the composition of the conduction band wavefunctions at the Γ point. For graphene on HfSe 2 , at the Γ point, the compositions of the three conduction bands nearest the Fermi energy, from lowest to highest energy are: (1) 40% SnS 2 , 54% HfSe 2 , and 5% graphene; (2) 40% SnS 2 , 55% HfSe 2 , and 5% of graphene; and (3) 48% of SnS 2 , 52% of HfSe 2 , and 0% graphene. The highest split-off conduction band has its weight shifted more towards the SnS 2 layer compared to the lower two conduction bands, and it has no graphene contribution. With graphene on the SnS 2 , the compositions of the three conduction bands nearest the Fermi energy at the Γ point, are all the same, and they are 65% SnS 2 , 35% HfSe 2 , and 0% graphene.
The trends for graphene on the AB stacked structure are qualitatively the same as for graphene on the AA structure. As discussed with respect to Fig. 2 , the interlayer coupling between the SnS 2 and HfSe 2 is weaker in the AB stacking arrangement compared to that with AA stacking. Therefore, the wavefunction of the conduction band edge is more heavily weighted towards the SnS 2 in the isolated heterostructure. In the AB structure, placing the graphene on the HfSe 2 , reverses the weight of the bottom two conduction bands in Fig. 8 , so that their compositions become (1) 43% SnS 2 , 51% HfSe 2 , and 5% graphene; and (2) 43% SnS 2 , 52% HfSe 2 , and 5% graphene. The spectral weight of the highest band is 52% SnS 2 , 48% HfSe 2 , and 0% graphene. The only qualitative difference between this structure and the AA structure is the slight shift in orbital weight of the conduction band wavefunction towards the SnS 2 .
The values of the interlayer couplings t can be used in a tunneling Hamiltonian expression to estimate the interlayer conductance between the graphene and the HfSe 2 /SnS 2 heterostructure when graphene is placed on either the SnS 2 layer or the HfSe 2 layer. The interlayer conductivity can be written as,
where A G (k; E) and A H (k; E) are spectral functions of the graphene layer and the semiconductor heterostructure, respectively, g s = 2 is the spin degeneracy, g G = 2 is the graphene band degeneracy, g H = 3 is the HfSe 2 /SnS 2 band degeneracy, A is the cross-sectional area,
is the Fermi-Dirac factor, E f is the Fermi level, and t is the interlayer coupling.
The spectral functions are Fig. 7(c)-(d) , v F = 0.81 × 10 6 m/s is the Fermi velocity of graphene, ε D is the energy of the Dirac point, and ε H is the energy of the conduction band minimum of the HfSe 2 /SnS 2 heterostructure. For a given transverse k, the quantity T (E, k) = A G (k; E)A H (k; E)|t| 2 is the transmission coefficient, and, as such, its value must lie between 0 and 1. 30 The values of ε D and ε H are chosen such that the lower Dirac cone of the graphene and the parabolic conduction band of the HfSe 2 /SnS 2 intersect at the Fermi
2 /γ 2 ≤ 1. This, sets a lower limit on on the value for γ of γ ≥ 4|t|. For 40% on the HfSe 2 for AA stacking and 67% on the SnS 2 and 33% on the HfSe 2 for AB stacking. There is no energy barrier for an electron to move between the two layers, since the conduction band wavefunction is a coherent superposition of the orbitals of both layers.
A vertical electric field of 0.2 V/Å pointing from the HfSe 2 layer to the SnS2 layer reverses the weights of the conduction band wavefunction to approximately 70% HfSe 2 and 30% SnS 2 . In the SnS 2 , the primary orbital contributions come from the s-orbital of the Sn and 
